Purpose: To investigate the apparent oxygen transmissibility of various piggyback systems using conventional and silicone hydrogel soft contact lenses of different water content and permeability, rigid poly(methyl methacrylate), and rigid gas-permeable lenses of medium, high, and ultrahigh oxygen permeability. The aim of the study was to establish which material (rigid or hydrogel) is more representative of the resulting oxygen performance of piggyback systems.
V isual correction of several clinical conditions such as keratoconus, 1 postoperative refractive error including irregular astigmatism, 2-5 ectasia after refractive surgery, 6 or penetrating keratoplasty, 7 rely on a variety of contact lenses. Different materials or combinations of materials have been widely used, as can be seen in the vast body of literature currently available, with rigid gas-permeable (RGP) lenses being the most popular. 8, 9 However, when the cornea is so distorted that a single RGP lens cannot be fitted, other options should be considered, including special designs of thick soft contact lens (SCL), 10 hybrid contact lenses, 9, 11, 12 or piggyback systems (PBS). 7, 13, 14 Piggybacking a RGP over a soft lens on the same eye ( Fig. 1) has been a common approach to fit corneas with severe irregularities for more than 3 decades, 15 improving clinical outcomes. For practitioners, PBS require the same level of expertise to fit as basic forms of soft and rigid contact lenses with significant benefits for corneal protection against rigid material mechanical effect, centration, and patient tolerance, sometimes retarding the need for a corneal transplant.
Nevertheless, 1 of the major concerns with such approaches has been the uncertain oxygen transmissibility provided to the corneal surface by the PBS. Hybrid lenses such as Softperm Ò have been associated with edema 16 and lower endothelial cell density. 17 Neovascularization resulting from reduced oxygen availability is a major concern in fitting compromised corneas that eventually could benefit from a transplant because neovascularization increases the risk of graft rejection.
Early estimates of oxygen tension behind piggyback systems in animal models suggested this approach to be safe and effective. 13 More recently, Giasson et al 18 published similar results suggesting that a mid-Dk RGP contact lens over a conventional soft contact lens provided enough oxygen to fulfil corneal needs during daily wear. Yeung et al 19 suggested that keratoconic corneas did not show signs of gross edema under slit-lamp examination when piggyback systems were used with Dk/L values of 8.4 and 4.5. However, they report 2 subjects who developed neovascularization.
With the advent of hypertransmissible soft and RGP contact lenses, substantial improvements in the oxygen performance of PBS are expected. Accordingly, recent reports reflect that the application of a hyper-oxygen-transmissible PBS improves physiological function in already compromised corneas. 20 Randleman et al 14 reported good tolerance of a hypertransmissible PBS fitted to visually rehabilitate a patient who suffered an alkali injury 15 years before.
As far as we know, no systematic in vitro measurements of apparent oxygen transmissibility (Dk/L app ) involving different soft and rigid materials have been done. With this purpose, we have designed the present study to evaluate the most important issues governing oxygen transmissibility through piggyback contact lens systems and the implications of such fits for the clinician. Those issues include the assessment of which material is more important to optimize oxygen transmissibility of PBS and to obtain an approximate value of the overall performance of the combined system as a function of contact lens technical parameters available from the manufacturers.
MATERIALS AND METHODS
Eight conventional HEMA-based soft contact lenses and 3 silicone hydrogel soft contact lenses were used in the study (Dk range 8.5 to 140 barrer). One impermeable rigid PMMA contact lens and 5 RGP lenses (Dk range: 24 to 189 barrer) were used to simulate 66 piggyback combinations. Selection of lens parameters was carried out to simulate typical PBS. A positively powered soft lens (+5.00 diopters) was placed first, above which a negative RGP lens (22.00 diopters) was piggybacked. The exception was the lens Acuvue Advance, where a power of +4.00 diopters was fitted because a +5.00 was not currently commercially available. Although a positive power for the hydrophilic lens is not desirable in terms of gas transmission because of the increased center thickness, this approach was suggested by Baldone 15 to provide the RGP lens with a more convex surface to promote rigid lens centration. Lens details are presented in Tables 1 and 2 for hydrogel and rigid lenses, respectively.
We measured the flux of oxygen through the PBS as a function of time by using the electrochemical technique described by Aiba et al 21 for polymeric membranes. The apparent oxygen transmissibility (Dk/L app ) has been determined in agreement with the ISO/DIS 9913 Standard Procedure, using a potentiostat coupled to a permeometer (model 201T Rehder Development Company, Castro Valley, CA).
Three repeated measures of each PBS were performed and averaged to obtain the electric current value in microamperes (mA) and, subsequently, to compute the Dk/L app values. During the experiment, the temperature of the cell was maintained at 35.2 6 0.64°C, and the room temperature was controlled at 22°C.
Statistical analysis included ANOVA to detect differences between groups of PBS systems, and regression analysis was used to establish relationships between Dk/L app values and the corresponding Dk values provided by the manufacturers.
RESULTS
Average Dk/L app of piggyback systems as a function of the permeabilities given by the manufacturers are displayed in Figure 2 . Regarding the variation of Dk/L app as a function of the SCL used, we have found similar results for all conventional hydrogels, with an average Dk/L app ranging from 1.79 barrer/cm for polymacon with a 38% water content to 3.44 barrer/cm for nefilcon A with a 69% water content. PBS involving silicone hydrogels displayed significantly higher Dk/L app values than conventional hydrogels. Despite their different permeabilities, they displayed similar oxygen transmissibility, with Dk/L app values ranging from 8.23 barrer/cm for galyfilcon A to 8.88 barrer/cm for lotrafilcon A.
For the RGP lenses there was a slightly stronger linear relationship between Dk/L app and RGP permeability (r 2 = 0.403; SE 6 3.03 barrer/cm). Of particular interest is the markedly higher transmissibility given by tisilfocon A RGP to the PBS.
Considering both, SCL and RGP permeabilities, we can calculate the Dk/L app for the PBS with a reasonably good level However, data involving so many combinations need to be analyzed more closely. Figure 3 shows the graphic representation of piggyback Dk/L app for all hydrophilic lenses independently as a function of RGP material permeability. This graphic is a redraw of the data decomposition shown I  II  II  III  IV  IV  II  II  I  I  III in Figure 2A . As expected, PBS including an impermeable PMMA lens display a very low transmissibility, regardless the soft lens used. Conventional hydrogels display similar behavior among them, with the exception of polymacon 38% and phemfilcon A 55%, which had lower Dk/L app values than the PBSs comprising the remaining materials. The 3 silicone hydrogel materials had markedly higher values of Dk/L app than conventional hydrogels, and values were similar for the 3 lenses. Figure 4 summarizes the results of the 3 silicone hydrogel lenses and 3 representative examples of conventional hydrogels. In this case, data were fitted to a fourth-order polynomial model, with specifications displayed in Table 3 . Although complex, those models predicted accurately the oxygen performance of the PBS as a function of the RGP permeability. All conventional hydrogels show a parallel behavior, with only significant differences found for the tisilfocon A RGP material. The same occurred with the 3 silicone hydrogel soft lenses. Despite different oxygen permeability, balafilcon A and galyfilcon A displayed the same behavior even when combined with the more permeable RGP lenses. The lower permeability of the galyfilcon A material was partially compensated by the lower central thickness because this lens was a +4.00-diopter lens instead of +5.00 as were the remaining soft lenses.
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DISCUSSION
These days, piggyback contact lens fitting is inherently linked to keratoconus correction, probably the corneal disorder most frequently treated with this approach. 22 However, many distorted corneas post-RS and post-PK benefit from these systems. [2] [3] [4] [5] [6] [7] Post-RK and post-LASIK patients can be fitted with soft contact lenses as early as 4 to 6 weeks postop, but it's recommended to wait 3 months to fit a RGP lens so that the flap's integrity is sufficient to withstand the movement of the lens. Ward 26 fitted RGP contact lenses as early as 4 months in almost half of the sample included in the study with a mean time to fitting after surgery of 8 months. However, RGP contact lenses may sometimes be needed sooner to correct irregular astigmatism secondary to LASIK surgery, because of their stability, rigidity, and hardness, to allow optimal visual performance. In this case, some mechanical protection should be provided to the cornea by means of a soft contact lens. This can be achieved by piggybacking a rigid lens over a SCL that provides a bandage effect avoiding mechanical trauma. Nevertheless, the resulting system should interfere as little as possible with corneal physiology to promote epithelial healing. 23 One of the main concerns for clinicians treating irregular astigmatism resulting from ectatic conditions with contact lenses is the oxygen supply to the cornea. It has been demonstrated that hypoxia is a primary factor for the development of neovascularization in keratoconic corneas and incisional neovascularization after radial keratotomy. 24 Also, the correction of distorted corneas with rigid and RGP contact lenses (ie, moderate and advanced keratoconus) usually leads to some degree of mechanical corneal scarring, 25 another major stimulant for neovascularization.
In PBS, the RGP lens must transmit enough oxygen to the RGP-soft lens interface, either by lens transmissibility or tear exchange during blinking. Our in vitro results do not agree with clinical observations made by Tsubota et al, 13 who found that the oxygen availability under a piggybacked PMMA contact lens was as high as two thirds of the oxygen present under a piggybacked RGP lens. Perhaps tear pumping through rigid lens edge was responsible for such a difference, but we found that, in static conditions, PBS involving PMMA showed practically no oxygen flow under the lens.
This study addresses the question of the importance of material selection for proper physiological function of the cornea under a PBS. Our results suggest that this is a key point when fitting post-RS, post-PK, or keratoconic patients using this approach. Measurements of transmissibility in static conditions suggest that both SCL and RGP materials are important in the overall oxygen performance of the PBS. Our results confirm that piggyback systems using PMMA rigid lenses should not be used in PBS, and low-Dk RGP contact lenses should be avoided except when combined with silicone hydrogel materials, in particular when the cornea is already compromised or has signs of edema. Regarding soft contact lens selection, the same condition applies; that is, lower-Dk soft contact lens materials such as polymacon 38% must be excluded, and other conventional hydrogels should be avoided unless combined with hyperpermeable RGP lenses. For example, Dk/L app achieved with a daily disposable SCL made of nefilcon A (69%) combined with tisilfocon A as RGP material was similar to that displayed by silicone hydrogels when combined with medium-Dk RGP lenses. This is an important fact if we consider that the maintenance of 2 different lenses per eye, with their cleaning and disinfection procedures, is the most important inconvenience for patients wearing PBS. Despite higher costs, this approach avoids the need of daily cleaning of the soft lenses. Daily disposable lenses are now available showing good reproducibility, essential to maintain the initial fitting conditions with each new lens. This approach, considering a low-transmissibility soft contact lens, could not be applied to compromised corneas where the combination of silicone hydrogel and hyper-Dk RGP materials would be strongly recommended to provide maximum oxygen transmission.
Present results should be interpreted carefully because this is an in vitro study and we do not actually know the clinical response of the eye to combinations such as those evaluated here.
Although clinical studies confirm our experimental results, we can ensure that the combinations of silicone hydrogel SCL with RGP materials of oxygen permeability above 40 barrer are the safest options currently available to fit distorted corneas where single-material approaches do not fit properly. Even for those already compromised corneas, the combination of hyper-oxygen-transmissible materials could be a safe option for vision correction under daily wear conditions. Recent reports evidence that conjunctival hyperemia and corneal neovascularization in keratoconic patients can be reduced by the application of a hyper-oxygen-transmissible piggyback system. 20 Obviously, our results underestimate the actual performance of PBS because the supply of oxygen to the rigid-soft interface would be increased under dynamic conditions by tear pumping if we ensure that the rigid lens has independent movement over the soft lens during blink. It has been Figure 4 as a Function of DK RGP suggested that blinking plays a significant role in tear turnover under RGP contact lenses. 27 The oxygen performance reported here can be improved by using less positive hydrophilic lenses with thinner harmonic thicknesses. However, negative soft contact lenses would not be recommended because they could adversely affect RGP contact lens centration.
In conclusion, piggyback systems with satisfactory oxygen transmissibility are desirable for potential application in the visual rehabilitation of patients with corneal irregularities, including unsuccessful refractive surgery, ocular trauma, and penetrating keratoplasty. These conditions are improved by the combination of medium and high water content conventional hydrogels with hyper-oxygen-transmissible RGP, and silicone hydrogel SCL in combination with medium-and high-Dk RGP. However, the best performance requires the combination of the 2 most transmissible materials in both soft and RGP materials. Practitioners involved in contact lens fitting of distorted and physiologically compromised corneas must have in mind the present recommendations to prevent physiological complications of PBS.
